To assess the synaptic vesicle protein synaptophysin as a potential marker for maturation in the human fetal brain, synaptophysin immunoreactivity (sIR) was prospectively studied in postmortem sections of 162 normal human fetal and neonatal brains of both sexes from 6 to 41 weeks' gestational age. There was a consistent temporal and spatial pattern of sIR in the hippocampus and cerebral neocortex. In the rostral hippocampus, sIR was first apparent in the molecular zone of the dentate gyrus at 12 weeks, followed by CA2 at 14 weeks, CA3 and CA4 at 15 to 16 weeks, and CA1 at 19 weeks; it was incomplete until 26 weeks. In frontal neocortex, sIR developed in a laminar pattern above and below the cortical plate as early as 12 weeks, around Cajal-Retzius neurons of the molecular zone at 14 weeks, surrounding pyramidal neurons of Layers 5 and 6 at 16 weeks, and at the surface of neuronal somata in Layers 2 and 4 at 22 weeks. At 33 weeks, Layers 2 and 4 still had less sIR than other layers. Uniform sIR among all cortical layers was evident at 38 weeks. Ascending probable thalamocortical axons were reactive as early as 12 weeks and were best demonstrated by 26 weeks, after which increasing sIR in the neuropil diminished the contrast. The sIR was preserved for more than 96 hours postmortem, even in severely autolytic brains. We conclude that synaptophysin is a reliable marker in human fetal brain and that sIR provides the means for objective assessment of cerebral maturation in normal brains and to enable interpretation of abnormal synaptic patterns in pathological conditions.
INTRODUCTION
Synaptogenesis is one of the later genetically programmed processes of brain development that follows a precise temporal and spatial sequence of maturation similar to earlier processes, such as neurulation, neuroblast migration, and axonal pathfinding. Synapse formation is closely integrated with both the approach of terminal axons to neuronal soma and dendrites and the specialization of the postsynaptic membrane, including dendritic arborization and formation of dendritic spines. Other aspects of neuronal maturation associated with synaptogenesis include the development of the sodium-potassium adenosine triphosphatase energy mechanism to maintain a resting membrane potential and excitability and the biosynthesis of chemical neurotransmitters as neuronal secretory products. Thus, synaptogenesis is a general term that includes many aspects of electrophysiological, biochemical, genetic, and morphological development. This study examines only one of these aspects, that is, the timing of maturation of synaptic vesicles in axonal terminals.
Synapse development cannot be visualized by current neuroimaging techniques (1, 2) . It is estimated that approximately 10 6 synapses must be simultaneously active to produce a recordable magnetic evoked response detectable by magnetoencephalography (3) . Noninvasive magnetoencephalography can be applied to the fetus in utero (4) and may correlate with tissue data. Electroencephalography (EEG) offers an indirect approach by revealing large fields of cortical electrical activity that correlate with conceptional age in preterm infants but does not reveal synapses on individual neurons or even small cortical regions.
Direct tissue examination currently offers the only precise means of determining the temporal and spatial sequence of synaptogenesis in the developing brain. Standard histological stains do not demonstrate synapses, but Golgi impregnations can show dendritic spines with synapses during development; these techniques are time consuming and capricious. A histochemical method using ethanolic phosphotungstic acid has been used to demonstrate both synaptogenesis and synapse elimination during development in human autopsy brain tissue (5, 6) , and electron microscopy (EM) provides direct ultrastructural visualization of synaptic vesicles in axonal terminals, but the tissue area examined is very small and often distorted by postmortem artifacts. Ultrastructural studies are also expensive and time consuming. Nevertheless, EM has been effectively used to study synaptic distributions in certain cerebral malformations (7) .
Synaptophysin is a 38-kd synaptic vesicle glycoprotein of all types of synaptic vesicle membranes. One of us (Harvey Sarnat) showed synaptophysin immunoreactivity (sIR) to be a reliable and effective method for demonstrating synaptosome formation in formalin-fixed paraffin-embedded sections of fetal and neonatal brain tissues (8, 9) . However, it is not specific for the type of synapse (excitatory or inhibitory), for the site of synapse (axodendritic or axosomatic), for identifying symmetric (rounded) or asymmetric (ovoid) forms of the synaptic vesicle (10), or for the specific neurotransmitter secreted at that synapse (10) . It is one of several distinct proteins that are physical components of the synaptic vesicular wall that function for transmitter uptake, vesicular cross-linkage, fusion, and endocytosis; other proteins of the synaptic vesicular wall include synaptobrevin (formerly VAMP), synaptotagmin, and SNAP-25 (11Y14).
Synaptophysin interacts and forms complexes with these other synaptic vesicle proteins (15, 16) . For their pathogenetic mechanisms, 4 classes of botulinum toxin and tetanus toxin cleave these proteins, but synaptophysin is not altered by Clostridium neurotoxins (17) . Synapsin-1 and its associated calmodulin-dependent kinase II are additional components of the presynaptic plasma membrane. The main functions of synaptophysin are for docking, fusion, and endocytosis, otherwise known as membrane trafficking (14) .
In this study, we used synaptophysin immunocytochemistry (IHC) as a marker of timing of the appearance of synaptic vesicles at various gestational ages in hippocampus and frontal cortex of normal human brains during development. The data will form the basis for interpretation of abnormal synaptogenesis in cerebral malformations, inborn metabolic encephalopathies, epilepsies, and other pathological conditions.
MATERIALS AND METHODS

Case Material
Normal fetal brains (n = 162) were obtained from autopsies from September 2004 through August 2007 in the hospitals of the Calgary Health Region, Calgary, Alberta, Canada. The investigations reported here were supplementary to the neuropathology autopsy report for clinical purposes. Appropriate permissions for autopsy were obtained from Gray-white matter junction shows a sharp demarcation between the uniformly intense reactivity in the cortex (left side of field) and lack of reactivity other than axons in passage in subcortical white matter (right side of field). (C) Subcortical white matter at higher magnification reveals beaded immunoreactivity of axons and surrounding white matter neurons (arrows), which may indicate that these neurons are in synaptic relation with each other and with the overlying cortex. Original magnification: (A) 100Â; (B) 40Â; (C) 250Â.
parents. The brains included 78 male and 80 female fetuses and neonates and 4 embryos or very young fetuses of indeterminate sex. The age ranges were as follows: 6 to 8 weeks of gestation (n = 4); 9 to 15 weeks (n = 11); 16 to 20 weeks (n = 54); 21 to 26 weeks (n = 55); 27 to 32 weeks (n = 8); 33 to 36 weeks (n = 7); and 37 to 41 weeks (n = 23). Gestational (i.e. postconception) ages were determined by obstetric data and were also based on fetal and brain weights and standard fetal anthropometric measurements, including crown-rump length, foot size, and other external morphological features. Identification of fetal cerebral structures was based on personal experience (18, 19) supplemented by atlases of developmental neuroanatomy by other authors (20Y24).
Cases with the following conditions were excluded: chromosomopathies; major CNS malformations including meningomyelocele, encephalocele, Meckel-Grüber syndrome, holoprosencephaly, and schizencephaly; major neuroblast migratory disorders; cerebellar hypoplasias; macerated brains with extensive postmortem autolysis (usually stillborn fetuses); severe hypoxic/ischemic encephalopathy with extensive neuronal alterations; Grade 4 intraventricular hemorrhages with parenchymal extension; metabolic storage diseases; massive hydrocephalus; and meningitis or ventriculitis. Cases with the following conditions were included: major malformations in other organ systems (cardiac, pulmonary, renal) but with normal brains; small recent hemorrhages in germinal matrix or parenchyma that did not distort anatomical relations; mild degrees of terminal hypoxic/ischemic encephalopathy; and postnatal sepsis without meningitis or ventriculitis. Cases of a full-term neonate with multicystic encephalomalacia, a 27-week macerated fetus, and a 40-week stillborn term neonate with a 96-hour postmortem autolysis were also used for illustrative purposes.
Tissue Sampling
Sections of hippocampus were taken in the rostral end at the level of the thalamus with either the lateral geniculate body or pulvinar and rostral red nucleus included in the same There is strong synaptophysin immunoreactivity in the molecular layer of the dentate gyrus (DGm) and in the CA2 sector of Ammon horn, with weaker reactivity in CA3 and none in the CA4 footplate. Reactivity in CA1 is seen adjacent to CA2 but does not extend throughout CA1, although it is detected in the strata radiatum and lacunosum (sr). (C, D) Synaptophysin reactivity in the hippocampi of 2 other fetuses at midgestation (i.e. 19Y20 weeks) to illustrate that reactivity is similar in normal fetuses at the same gestational age. Weak reactivity is seen in the hilus or footplate (CA4) and in sr of CA1. Original magnification: (A, B) 100Â; (C, D) 250Â.
transverse section and caudal to the amygdala. Sections of neocortex were taken from the dorsolateral part of the frontal lobe at the level of the corpus striatum and anterior limb of the internal capsule.
Immunohistochemistry
Immunohistochemistry techniques were applied to 6-Kmthick, formalin/Bouin-fixed, paraffin-embedded sections. In addition to staining with hematoxylin and eosin for detailed histological examination, markers of neuronal maturation were performed in most cases for correlation with synaptophysin: neuronal nuclear antigen ([NeuN] 1:40 dilution; ChemiconMillipore, Temecula, CA), as previously described (25); neuronspecific enolase ([NSE] 1:500 dilution; DakoCytomation, Copenhagen, Denmark); calretinin (1:100 dilution; Zymed, Camarillo, CA); acridine orange (AO) fluorochrome (Sigma, St Louis, MO), applying the technique we previously described (26) . Anti-synaptophysin antibodies were obtained from Novocastra Laboratories, Newcastle upon Tyne, United Kingdom, and distributed through Vision Biosystems, Norwell, MA. Methods were previously described (8) . A 1:25 dilution was used with thermal intensification using an HIER steamer. Automated reactivity was performed on Ventana Nexes IHC.
Appropriate simultaneously incubated controls were used using postmortem brain tissue without autolytic changes of normal term neonates and older children. An antibody to vimentin (1:400 dilution; DakoCytomation) was also used with thermal intensification to demonstrate radial glial fibers, as previously described (27) . Antibodies to glial fibrillary acidic protein (1:1000 dilution of monoclonal antibody, 1:4000 dilution of polyclonal antibody; DakoCytomation) were used as glial markers. Immunostaining was scored as weak, intense, or absent.
RESULTS sIR in the Mature Brain
Synaptophysin immunoreactivity was uniformly strong and homogeneous throughout the gray matter of normal mature brains, including cerebral cortex (Fig. 1A) , hippocampus, deep telencephalic nuclei, diencephalon, brainstem structures, and cerebellar cortex. There was a sharp demarcation at gray-white junctions (Fig. 1B) . Gray matter structures surrounded by white matter (e.g. inferior olivary, dentate, and arcuate nuclei) stood out from surrounding tissue. Individual large axons in white matter were often observed as linear beaded structures. In addition, there was strong sIR surrounding neurons in the white matter, suggesting that these isolatedappearing neurons may be synaptically integrated with other white matter and cortical neurons (Fig. 1C) . There was no focal or generalized immunostaining for vimentin or glial fibrillary acidic protein in the normal brains at any gestational age, including full-term neonates.
Hippocampus
At 12 weeks, there was weak sIR in the molecular zone of the dentate gyrus. By 14 weeks, there was sIR in the CA2 sector of Ammon horn and weaker sIR in CA3, followed by CA1 and CA4 at 15 to 17 weeks. At 19 weeks, there was sIR in the quarter of CA1 immediately adjacent to CA2, which was weak in the stratum lacunosum molecular and stratum radiatum (Fig. 2) . The remainder of CA1 was negative. The sIR was not seen throughout CA1 until 26 weeks (Figs. 3AYC) . The mossy fibers of the dentate gyrus showed sIR beginning at 15 weeks, and dentate layer sIR was strong at 21 to 23 weeks.
From 37 weeks to term, the entire hippocampal complex had uniformly strong sIR throughout, with slightly weaker reactivity in CA1 until the postnatal period (Fig. 3D) . The subiculum showed strong sIR after 32 weeks, initially in the molecular zone only at 18 weeks.
Cerebral Neocortex
No sIR was demonstrated at any gestational age in the periventricular neuroepithelium (germinal matrix). At 6 weeks ( Fig. 4A ) and at 7 to 8 weeks (Fig. 4B) , no sIR was detected in the cortical plate or the molecular zone. The molecular zone was difficult to interpret in young fetuses because of diffuse white matter background reactivity. Ignoring this amorphous background (which was not found in mature brains), beaded sIR surrounded Cajal-Retzius neurons as early as 9 weeks of gestation and was more distinct with advancing age; it was strikingly evident at midgestation. Axonal reactivity was also progressively seen from 12 weeks in axons oriented parallel to the pial surface, particularly in deep parts of the molecular zone near the cortical plate. The plexus of fine nerve fibers in the marginal zone during the precortical plate period (6Y8 weeks of gestation) were not synaptophysin positive. Cajal-Retzius neurons did not show sIR around their soma in the embryo, and very early fetus and sIR was confined to the molecular and subplate zones from 9 until 18 weeks (Fig. 4C) . From 18 to 24 weeks, there was weak but definite sIR in the deeper layers (corresponding to later Laminae 5 and 6) and also in the small Pyramidal Cell Layer 3; Layer 2 was the last layer to exhibit sIR. At 26 weeks, Layer 2 reactivity remains weak despite intense reactivity in the molecular layer and Layer 3 (Fig. 5A) . Coarsely beaded axons with strong sIR were seen extending radially through the cortical plate from subcortical centers (Fig. 5A ). All layers of cortex showed sIR by 33 weeks, but the intensity was still greater in the molecular zone, Layer 3, and the deep Layers 5 and 6 than in Layers 2 and 4 ( Fig. 5B) . At 37 weeks, the molecular zone showed intense sIR in all layers but with slightly greater intensity in Pyramidal Cell Layers 3, 5, and 6 than in Granule Cell Layers 2 and 4; thus, the laminar architecture of neuronal placement within the cortex was still evident. All layers of neocortex became uniformly intense by 38 weeks.
Long axonal trajectories are difficult to demonstrate in 6-Km-thick sections, but more than 90% of afferent axons to the neocortex originate in the thalamus, and ascending axons projecting to the cortex could be demonstrated from the thalamus (not shown). These synaptophysin-positive fibers that extend perpendicular to the cortical plate and pial surface were also aligned with the predominantly columnar architecture of the cortical plate before histological lamination is initiated at approximately 22 weeks. Diffusely and uniformly strong sIR was seen throughout the neocortex from 34 weeks onward and radial, presumably thalamocortical, axons were no longer as easily distinguished from the strong background neuropil (Fig. 1A) . The sIR in the middle zones of the frontal, parietal, and insular neocortex developed earlier than in temporal and occipital cortex (not shown).
Patterns of sIR appearance in the hippocampus and neocortex are summarized in the Table. The sIR was evident at the membrane of the neuronal soma sooner than the neuronal nucleus exhibited NeuN reactivity (not shown), whereas NSE staining was simultaneously evident with sIR; however, the latter was difficult to detect in many cases because of sparse neuronal cytoplasm and strong nonspecific background reactivity. Calretinin reactivity in 10% of cortical neurons that represent a major subset of GABAergic interneurons (28, 29) was seen at earlier time points than 
Effects of Hypoxic/Ischemic Encephalopathy
Acute hypoxic/ischemic neuronal alterations were not associated with perceptible loss of sIR. Mild hypoxic/ischemic neuronal alterations, such as central chromatolysis of large neurons with abundant cytoplasm and scattered neurons with shrunken dense nuclei, also did not show detectable loss of sIR, whereas frank infarcts showed total loss. More chronic or severe histological hypoxic/ischemic changes and pontosubicular degeneration also showed loss of sIR (not shown). Laminar necrosis of the cortex in near-term fetuses and term neonates had a characteristic laminar pattern of preserved and lost sIR corresponding to the intact and degenerating cortical layers (Figs. 6A, B) . A thorough study of hypoxic/ischemic effects on sIR is in progress.
Effects of Postmortem Autolysis
In cases of 24 to 48 hours of postmortem autolysis before fixation of the brain, the gray matter tissue showed only a mild diffuse loss of sIR, but the sharp definition in axons and around neurons was lost (Figs. 6CYE) . The sIR remained reliable for routine autopsy examinations up to 72 hours FIGURE 6. Synaptophysin immunoreactivity (IR) in certain pathological conditions. (A, B) Occipital cortex of a full-term neonate with multicystic encephalomalacia with extensive ischemic changes secondary to congenital cytomegaloviral infection of the brain and meninges. Synaptophysin IR is uniform throughout all layers of relatively intact cortex (right side); there is no reactivity in a zone of infarction (left side of field); there is segmental cortical necrosis between these zones (arrows). Synaptophysin IR is laminar; it is preserved in Layers 1, 4, and 6, and it is decreased in the degenerative Layers 2, 3, and 5. (C) Cerebral cortex of a macerated 27-week fetus with extensive postmortem autolytic changes shows preserved synaptophysin IR but ascending thalamocortical axons are not as sharply demarcated as in the well-preserved cortex of similar gestational age (Fig. 5A) . between death and fixation of tissue, but sIR was lost in highly macerated brains with several days of autolysis.
sIR in Archival Slides
To determine the reliability of retrospectively interpreting synaptophysin preparations of old cases, we re-examined slides from fetuses and neonates prepared in 1997Y1999 (8) . The sIR was retained in these 8-to 10-year-old preparations. Several fetal cases studied in 1987Y1988 showed some fading of the chromogen reaction product, but they could be interpreted. The antibodies used in that early period were not as reliable as those that are presently available.
Anti-Synaptophysin Antibody Cross-Reactivities
Anti-synaptophysin antibodies immunostain several sites within the nervous system in which there are no synaptic vesicles or no synapses. In these sites, the cellular plasma membranes may include a protein similar to those in synaptic vesicle membranes recognized by the anti-synaptophysin antibody. Synaptophysin is also expressed in choroid plexus epithelium (30) , although its reliability in distinguishing choroid plexus carcinoma from metastatic papillary carcinoma is questioned (31). We found sIR in choroid plexus to be variable and not as constant as in neural structures (not shown). The antisynaptophysin antibody used also recognizes the rod and cone processes of retinal photoreceptor neurons and primary sensory neurons of dorsal root ganglia, where no synapses exist. This reactivity was more cytoplasmic than at the surface of the plasma membrane and often was perinuclear and granular (in preparation). Some neoplastic neuroblasts or neurons, including the cells of cerebellar medulloblastoma, peripheral neuroblastoma, ganglioneuroblastoma, and central neurocytoma also exhibited synaptophysin reactivity in the absence of synaptic vesicles. By contrast, with the postmortem resilience of synaptic vesicle sIR, staining in choroid plexus epithelium and dorsal root ganglia rapidly degrades with autolysis within 24 hours, despite retained strong reactivity in neural gray matter in the same slides (not shown).
In fetal brains, diffuse sIR often was seen in white matter long tracts, in the centrum semiovale, and in commissures including the corpus callosum. This reactivity differed from the coarse beading within individual axons, which also could be seen as early as 12 weeks, but seemed to be a nonspecific indicator of white matter immaturity because it was not seen at later ages.
DISCUSSION
Synaptophysin IHC has wide applications in diagnostic neuropathology, including for tumors (32) and neurodegenerative diseases (33Y37). It has been used less as a marker of synaptic maturation in the developing brain (8, 38Y41) . A progressive and predictable pattern of synaptic vesicle maturation has been demonstrated in paraffin-embedded sections of fetal human brain (8, 38, 39) and in rat cerebellum (42) using anti-synaptophysin antibodies. Although synaptogenesis is considered to be a relatively late process in brain development, synaptophysin mRNA appears in mice as early as day E9.5 (during neurulation), shortly after neuroblasts become postmitotic neuroepithelial cells, and before neurite extension (43) . Synaptophysin IHC has also been applied to a few human congenital malformations, including hemimegalencephaly (44) and hamartomas in tuberous sclerosis (45) , and it has long been used to identify neural elements in myenteric plexi and peripheral ganglia.
The sIR in axons in the absence of synapses was best seen in white matter. The immunoreactive beaded appearance of sIR in white matter axons probably represents axonal transport of synaptophysin along microtubules rather than antibody cross-reactivity to unrelated proteins. Synaptic vesicles are not seen within axoplasm by EM, and partially synthesized protein molecules of the vesicular wall would not necessarily be identified as distinct elements. Functional synapses formed by axons with oligodendroglial precursor cells may also contribute to sIR in white matter (46) . Thus, sIR is not necessarily equivalent to synapse formation, and synaptophysin may have other as yet undefined roles in early stages of development. Nevertheless, sIR seems to indicate synaptogenesis in brain gray matter and around heterotopic neurons in white matter.
Quantitation of synaptophysin can be done by Western blot analysis and other techniques, but postmortem autolytic changes in human brain samples might affect these assays. Immunocytochemistry is a qualitative or, at best, semiquantitative but practical method for analysis. Because we applied the same methods on all brains, used controls of mature brain tissue, and identified similar patterns in different fetuses at the same ages, our findings in cases of different ages are likely valid despite the inherent limitations of the technique.
Hippocampus
The gross and microscopic ontogeny of the hippocampal formation has been well defined, but sIR in this structure has been sparsely documented to date. We examined 1 rostral level of the hippocampus in the longitudinal axis. The F-aminobutyric acid regulates the synaptic integration of newly generated neurons from stem cells and the hippocampus, similar to the olfactory bulb, is a rich source of stem cells in the adult brain (47) . These structures are also unique in having a constant turnover of neurons (47Y50), and in the hippocampus, the dentate gyrus is the principal structure showing such constant apoptosis and regeneration. Rarely, agenesis of the dentate gyrus occurs as an incidental finding at autopsy in adults who had no cognitive or memory deficits during life. The sIR in the preserved Ammon horn is normal in such cases (51) .
Cerebral Neocortex
The cortical plate at midgestation is a nonlaminated structure with densely packed immature neurons because neurite proliferation is only beginning. The molecular zone existed as a preplate plexus with mature neurons (CajalRetzius cells) before the first radial wave of migration from the subventricular zone (52) . This Layer 1 of the mature neocortex shows sIR even in the earliest fetuses when neuroblast migration is only just starting and sIR is present throughout the remainder of gestation.
The molecular zone was sometimes difficult to interpret in the fetal brains because of diffuse white matter background. Within this rather amorphous background, however, more distinct beaded sIR of axons oriented parallel to the pial surface was seen in the deep white matter of the molecular zone as early as 12 weeks. Synaptogenesis demonstrated by EM is first detected at the cortical plate-subplate junction and in the marginal zone at 12 weeks in human fetuses (53, 54) , which correlates well with the sIR we observed and with similar EM findings in the rhesus monkey (55) . The junction between the deep cortical plate and subcortical white matter is also the area where resident microglial cells that may be involved in cortical synaptogenesis accumulate at 9 to 12 weeks of gestation (56) . The various synaptic vesicle proteins including synaptophysin do not synchronously appear in the developing synaptic barrel fields in the rat neocortex (57) . Of all cellular transport pathways, the synaptic vesicle cycle is the fastest and most tightly regulated, and calcium metabolism is closely integrated (58, 59) . Our finding of radially oriented presumably thalamocortical axons was particularly striking at about 26 weeks of gestation (Fig. 5A) , which also correlates with recent reports of thalamocortical fibers demonstrated by diffusion tensor magnetic resonance imaging (MRI) in living preterm neonates at 25 weeks of gestation (60) . Thalamocortical projections appear much earlier than midgestation; axons are too thin at early ages to be visualized by sIR, although we did see these thin fibers in some brains as early as 16 weeks of gestation.
Apart from our earlier study of synaptogenesis in the cerebral cortex (8) , the most thorough examination of human cortical synaptogenesis is the study of sIR by Tiu et al (40) in fetuses of 14 to 40 weeks of gestation. They found sIR in the molecular zone and deepest part of the cortical plate at 14 weeks, similar to our findings. They also found that sIR appeared within the cortical plate earlier in the frontal cortex (and particularly the primary motor cortex rather than in the temporal and occipital lobes) and described a gradual decrease in sIR density particularly after 27 weeks of gestation. That observation may be caused by the increasing neuropil (neurites and glial processes) that separates cortical neurons during this period, which would result in the synaptosomes at adjacent neuronal membrane surfaces not being closely apposed.
Because sIR does not identify specific types of synapses or their transmitter substances, sIR patterns need to be correlated with other indicators of neuron maturation. The NeuN is a marker of neuroblast maturation and is not expressed in immature neurons (25) , but the anti-NeuN antibody does not recognize all neurons, for example, it does not stain the Cajal-Retzius neurons of the molecular layer, a GABAergic subset of which is identified by calretinin IHC (28, 29) . A further limitation of NeuN IHC in autopsy tissues is that unlike synaptophysin, it is degraded by postmortem autolysis so that tissues that are more than 12 hours between death and fixation may show an artifactual loss of NeuN reactivity. The NSE is more reliable for postmortem analysis but has the limitation of being a cytoplasmic, rather than nuclear, antigen not detected in immature neurons that generally have sparse cytoplasm. Nonspecific background reactivity is also often high with NSE IHC. The AO is an excellent histochemical marker of neuronal maturation because neuronal RNA is not abundant until neurotransmitter biosynthesis is initiated; it is also a good marker of hypoxic chromatolysis (18, 26, 61) . Neurons with sIR at their membrane surfaces showed AO-RNA fluorescence and NSE reactivity, whereas only about half of cortical neurons with sIR expressed NeuN in brains without postmortem alterations, that is, in which delay in fixation after death was less than 12 hours, often even less than 6 hours. The significance of delayed NeuN expression in some neurons is not clear. These cells were histologically indistinguishable from other NeuN-positive cortical neurons. The NeuN-negative neurons were mainly in the superficial and middle Layers 2 and 4 (granule cells) rather than in the deeper Layers 5 and 6 (large pyramidal neurons, the first neurons of the cortical plate to express NeuN). We conclude that the neurons that form synapses at their soma and dendrites also have achieved maturation in terms of the neuronal markers tested but that sIR at the soma may precede NeuN reactivity in the nucleus.
Clinical Correlates in Neocortex
The relationship of neocortical synaptogenesis to the question of when a fetus can perceive pain has clinical and ethical implications. If pain is defined as a conscious perception, it requires thalamocortical connections and intrinsic cortical synaptic circuitry in contrast to simple reflexive withdrawal from painful stimuli that might be mediated at the spinal cord, brainstem, or thalamic levels. Thalamocortical projections can be demonstrated by sIR as early as 12 weeks of gestation, and reactivity within the thalamus itself is seen at 9 weeks (unpublished data). We found that sIR is present in the deep layers of the neocortical plate that produce corticospinal and other long descending projections from 22 weeks of gestation onward, but that sIR in the superficial cortical Layers 2 and 4 (which are mainly receptive sensory laminae) is present at approximately 24 to 26 weeks and is not strong until about 32 weeks. Reactivity in these layers is still weaker than in the deeper motor layers at 33 weeks, and the cortex does not exhibit uniform intensity until after 35 weeks. Based on these observations, we infer that the fetal cortex does not yet possess adequate synaptic circuitry to perceive pain (as it is understood postnatally) until at least 24 weeks of gestation.
EEG Correlates
The EEG is one of the principal techniques upon which clinicians rely to assess cerebral function in premature infants, not only for possible seizures, but also for electrocerebral maturation. The EEG reflects large cortical fields of synaptic electrical activity and hence relates to the demonstration of sIR in fetuses of various gestational ages. Synaptogenesis in the cerebral cortex is reflected in the predictable and time-linked maturational changes that are observed in the scalp EEGs of preterm infants within a 2-week period if no pathological conditions intervene (62Y71). However, individual neuronal discharges and microscopic fields of synapses cannot be demonstrated by EEG (72) . The periodic burst pattern in the EEG of premature infants of less than 34 weeks probably represents moments of direct thalamocortical stimulation with insufficient intrinsic synapses within the cortex to sustain EEG activity generated in the cortex itself. The thalamus acts as a pacemaker of cortical electrical activity and has its own oscillations and synchronous discharge pattern (73) . Our present findings on sIR correlate with the maturation of the EEG and suggest an explanation for those neurophysiological observations.
MRI Correlates
Correlative studies with histopathology of fetal brains indicate that MRI can identify the subplate zone, the most active region of the cortical plate during neuroblast migration, cortical plate organization, and show a Blaminar pattern[ that suggests a correlation to neuroblast maturation, synaptogenesis, and thalamocortical projections (74Y76). The term lamination, as used by radiologists, does not refer to the layering of the cortical plate but to the detectable layers of the entire pallium: the germinal matrix, white matter, subplate zone, cortical plate, and molecular zone. Future studies may provide correlations between sIR and these imaging data.
Synaptophysin as a Marker of Maturity and Immaturity
The sIR is principally a marker of maturity as it reflects synapse formation, but it also marks immaturity, such as when there is diffuse sIR in fetal white matter. This transitory fetal sIR regresses and disappears a month before term and is not again seen postnatally or in the mature brain. It is distinct from the beaded axonal reactivity seen not only in mature brain, but also in early fetal life. The significance of diffuse sIR of immature white matter is uncertain, but it might represent axonal transport of partial synaptophysin proteins recognized by the anti-synaptophysin antibody.
Because delayed maturation may be seen in the brain of fetuses and infants with intrauterine growth retardation and a variety of other conditions, assessment of sIR may be useful for documenting brain maturational delay, particularly in the context of other markers of maturational delay of neuronal, glial, and ependymal development. Delay in maturation of hippocampal synapses in conditions of fetal and neonatal stress in the rat has been proposed as a mechanism of longterm cognitive and memory deficits, independent of genetic programming (77Y80). In a murine model of human neuronal ceroid lipofuscinosis, there is synaptic loss and redistribution in the thalamus and in thalamocortical projections, as shown by synaptophysin and synaptobrevin IHC (81) .
Postmortem Autolysis
Many fetuses are stillborn and sometimes more than 24 hours have passed from the time of loss of fetal heartbeat to the time of delivery, and there can be additional delays in the autopsy and fixation of tissues. Unlike NeuN, synaptophysin generally resists postmortem autolysis and persists even when there are extensive cytological neuronal alterations (Figs. 6D, E) , indicating the applicability of synaptophysin IHC to stillborn fetuses.
CONCLUSIONS AND FUTURE DIRECTIONS
In summary, we demonstrate the value of assessing sIR during human fetal brain development in autopsy tissues. Current and future studies include analyzing additional anatomical regions, making further correlations using other neuronal maturation markers and biochemical analyses, analyzing sIR in various pathological conditions, correlating sIR with EEG recordings during life, and exploring synaptophysin as a potential target for positron emission tomography imaging in live patients.
